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Different periodic mesoporous silica materials have been synthesized in order to investigate 
the topic of size-selective heterogeneous catalysis. SBA-1, SBA-2, SBA-16, and MCM-41 
were synthesized. The cagelike SBA-1 and the channel-like MCM-41 have been modified by 
post-synthesis methods involving grafting of HN(SiHMe)2, HN(SiMe2Ph)2, and 
HN(SiMePh2)2 to tailor the surface for subsequent metalation reactions. The three disilazanes 
showed different reactivity to the two different topologies involving also of SBA-1 pore 
blocking. {Mg[N(SiHMe2)2]2}2 was synthesized and grafted onto the surface. The 
immobilized magnesium complex gave pore characteristics similar to those of the largest 
disilazane. Ti(NMe2)4 was chosen as a “small” transition metal complex and gave materials 
with around 10 weight % titanium. R-1,1’-binaphthol was used to exchange the amido ligands 
of the grafted titanium complex, but gave only the expected exchange on MCM-41 and not on 
SBA-1 which may be due to the small cage window of this material. Ti(NMe2)3[N(SiHMe2)2] 
was synthesized and grafted on the surface for use as a spectroscopic probe in FT-IR 
spectroscopy. Metalorganic complexes were characterized by 1H and 13C NMR spectroscopy, 
DRIFT or FT-IR spectroscopy, and elemental analysis. Materials were characterized by 
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1.1 From zeolites to periodic mesoporous silica 
Periodic mesoporous silica (PMS) have been extensively explored over the last two decades 
because of the potential these robust materials have in areas such as hybrid materials, catalysis 
and as a possible replacement for zeolites. Zeolites (Greek, zein, "to boil"; lithos, "a stone") 
were discovered in the middle of the 18th century,1 have been largely used by industry since 
the 1950s as catalysts for cracking petrochemicals and later for fine chemical synthesis.2 As 
heterogeneous catalysts, zeolites have many advantages compared to homogeneous catalysts: 
The zeolites are easily separated and recovered from the reaction and hence can be reused. 
They are also thermally stable and inert to most chemical environments. The microporosity 
gives the zeolites large specific surface areas which maximizes the contact between the 
substrate and the catalyst. One important chemical feature of the zeolites is the highly acidic 
sites which may hold a proton (solid Brønsted acid) or a metal ion. The major drawback with 
zeolites is the limiting pore diameter of ~1.5 nm which prevents larger molecules from 
entering the pores and hence accessing the catalytic centers. In order to obtain mesoporosity 
in zeolites one can enlarge the pores by pillars or by dealumination which rearrange the 
structure.3 The mesoporous materials MCM-364 (Mobil composition of matter) and ITQ-25 
(Instituto de Tecnología Química) can be prepared by two different methods respectively 





Scheme 1.1 Mesoporous materials made from MCM-22 zeolite.3, 6 
 
The first report on such materials denoted as the M41S family were published by Mobil Oil 
researchers in 1992.7 The materials contained pores with diameters in the range of 2-4 nm 
which are considered as mesoporous (d = 2-50 nm) according to IUPAC8 (Figure 1.1). This 
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Figure 1.1 The pore size distribution of some porous materials. The numbers denotes the 
maximum pore diameter and the width at half height for the distribution. (SBA: Santa 
Barbara, KIT: Korean Institute of Technology) 
 
Mesoporous silica MCM- 417 belongs to the M41S family and is one of the most studied PMS 
materials. PMSs have many of the same properties as zeolites but larger pore diameters, 
however only the pore systems are ordered while the silica wall is amorphous. MCM-41 and 
SBA-159 both have 1-dimensional channel-like pore system with a desirable and uniform pore 
diameter, in addition they are also relatively easy to synthesize. Such materials have been 
used as exo-templates to make other structures in the nano-regime. For example nanothreads 
from palladium10, platinum11 and carbon12 have been generated via nanocasting13 in PMS. 
The lack of strong enough acid sites in PMS demands that the material is functionalized with 
other elements and functional groups. This can be done via one-pot synthesis where the 
desired group will be included in the framework of the material or via postsynthesis grafting 
at the surface by functionalizing silanol groups. Via the one-pot synthesis various metal 
complexes (e.g. Ti(OC2H5)414, VOSO415) or organic groups from bridged dipodal 
alkoxysilanes16 [(RO)3Si-R’-Si(OR)3] are reacted with a silica precursor in co-condensation. 
When organic groups are included in the framework the material is referred to as Periodic 
Mesoporous Organosilica (PMO). Organic groups can also be grafted onto the material to 
obtain functional groups like amines17, thiols18 and acids19. Efforts have also been put into 
immobilization of organometallic complexes, often in the course of making a homogeneous 
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catalyst heterogeneous.2, 20 The steric environment around an immobilized catalytic center 
differs from the free movement of homogeneous catalysts in solution and can enhance the 
activity and selectivity of the catalyst. Shell developed and patented a silica based catalyst 
functionalized with titanium for epoxidizing olefins by mild organic hydroperoxides.21 The 
zeolite TS-1 was very successful in several reactions because of the active site-isolated 
titanium atoms.22 Also large complexes like Schiff’s base have been reported to be trapped 
inside zeolites.23 A MCM-41 hybrid material grafted with titanocene dichloride was given a 
lot of attention after it was presented in 1995.24 The titanium centers were finely dispersed 
over the surface without any signs of clusters or Ti-O-Ti bonds. This site-isolation is very 
important to interpret the activity and performance at the metal center and for comparison 
with single complexes in solution.  
 
SBA-125 (Santa Barbara) came to the world’s knowledge in 1995. This new periodic 
mesoporous material features a more complicated and intrinsic pore system than the more 
famous MCM-41. Large mesocages are interconnected via smaller channels in a three 
dimensional fashion and implies size-selectivity to the native material. The cages have an 
internal diameter around 4 nm with entrance windows between 1-2 nm.26 This way each cage 
may be considered as a “nanoreactor” with limited accessibility for different substrates. 
Zapilko et al.27 showed this when they functionalized a SBA-1 material with AlEt3 and used it 
for Meerwein-Ponndorf-Verley reduction of benzaldehyde and 1-pyrenecarboxaldehyde. To 
control the size-selectivity monosilazanes (Me2N(SiR3)2) with a hydrocarbon tail were used to 
decrease the pore diameter of the channels leading into the material. In another work28 by the 
same group a SBA-1 material was selectively grafted on the outside and inside by a 
magnesium and titanium complex, respectively. In the future PMSs may be used for advanced 




2.1 Periodic Mesoporous Silica 
As the name suggest the pore diameter in periodic mesoporous silica is in the meso (Greek 
mésos = middle) range of 2-50 nm. The PMS materials (Table 2.1 holds a short overview) 
may be divided into two main groups according to their internal arrangement of channels. The 
first group which shows a channel-like pore system was the first to be discovered and has 
been in the center of research for a long time. This pore system exists in e.g. MCM-41, MCM-
48 and SBA-15. In MCM-41 and SBA-15 the pores are 1-dimensional channels which are 
arranged parallel to each other in a hexagonal fashion. MCM-48 has a more complicated 
structure where the 1-dimensional channels are branched in a 3-dimmensional system. The 
channels have a uniform inner diameter. The second group includes materials like SBA-1, 
SBA-2, SBA-16 and KIT-5. These materials have larger cages connected via smaller 
openings and channels in a 3-dimensional system. PMSs have a high specific surface area > 
1000 m2/g and also a high specific pore volume > 0.5 cm3/g. The materials are thermally 
robust and relatively inert to chemical environments (the morphology stays intact). 
 
Table 2.1 Overview of some periodic mesoporous silicas 
Material Channel system Mesophase Space group 
MCM-417, 29, SBA-159, SBA-325 1D unbranched Hexagonal P6mm 
MCM-487, 29 3D branched Cubic Ia3d 
SBA-130 Cagelike Cubic Pm3n 
SBA-231 Cagelike Hexagonal P63/mmc 
KIT-532 Cagelike Cubic Fm3m 
SBA-169 Cagelike Hexagonal Im3m 
MCM-507, 29  Lamellar  
 
2.1.1 SBA-1 
The SBA-1 material falls into the second category of periodic mesoporous silica since it has a 
cagelike pore system with the space group Pm3n. The intrinsic pore system of SBA-1 has 
been characterized by electron crystallography and by mathematical models (Figure 2.1) The 
material consists of two different mesocages A and B where A is ellipsoidal and B has a 
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spherical shape and is smaller than A. The B cage is surrounded by 12 A cages and the 
structure follows an A3B system. Since the size is highly depended on the synthesis procedure 
of the material one can not state the exact pore diameter although 40 Å is typical. The cages 
connect to each other via three different windows. The window between the flat sides of two 
A-cages is the largest. The two other windows are between the A and B cages and between 
the tips of two A cages. The largest window (A-A) has been estimated by Sakamoto et al.26 to 
be 15 × 22 Å while the (A-B) window is not larger than 2 Å. According to Anderson et al.33 
all the window sizes are less than 13 Å.  
 
Figure 2.1 a) Structure and b) schematic drawing of SBA-126 c) Illustration of the window 
sizes in SBA-133 
 
Models of the SBA-1 suggest that it is close to a minimal surface which has a zero-mean 
curvature at all points.33 This means that every point at the surface is the two principal 









Synthesis of periodic mesoporous silica 
The synthesis of periodic mesoporous silica include the following ingredients: A silica source, 
an acid or base, a structure directing agent (SDA) to form the mesophase, water and 
sometimes another auxiliary component. A routine procedure would be first to homogenize 
the solvents together with acid/base and the SDA at the desired temperature. The silica source 
is then added and the reaction is stirred for a certain time. Some syntheses require a static 
treatment at elevated temperature before the material is washed, dried and calcined to 
combust the SDA inside the pores. The silica source may be Cab-O-Sil (SiO2), sodium silicate 
or the commonly tetraethoxysilane (TEOS) as it only releases ethanol during the reaction 
which easily diffuses out of the pores. The SDA is usually an ionic surfactant with a long 
aliphatic tail. In high concentration of these surfactants agglomerates are formed of various 
shapes called micelles and thus create the mesophase needed. In basic solutions fatty acids act 
as anionic SDA and in acid solutions ammonium ions with one long alkyl chain act as a 
cationic SDA. The packing of these two surfactants can be described by the surfactant 







where V is the volume of the hydrocarbon chain, a0 is the effective surface area of the head 
group and l is the length of the hydrocarbon chain. The packing parameter gives an idea of 
how the surfactants will arrange in water. At large values of a0 will the head group occupy 
more space at the surface of the micelle and force the surrounding head groups to create a 
shape with higher curvature which leads to a spherical shape. At lower values of a0 will the 





Figure 2.2 Control of the mesophase by the surfactant.31 
 
The effective surface area can be controlled by gemini surfactants (see Figure 2.2; Table 2.2) 
with a dicationic head group and a spacer in between. The volume and length of the 
hydrophobic part of the micelle can be adjusted with additives31 such as 2-methylbutan-2-ol 
and trimethylbenzene.  
 
Table 2.2 Arrangement of surfactants in water using the surfactant packing parameter g. 
g Mesophase  Example of material 
1/3 Cubic (Pm3n)  SBA-1 
1/3 – 1/2 Cubic (Fm3m)  KIT-5 
1/2 Hexagonal (P6mm)  MCM-41 
1/2 – 2/3 Cubic (Ia3d)  MCM-48 





Co-block polymers may also be surface active when one of the monomers is hydrophilic and 
the other one hydrophobic. This will make the polymer to curl up into a ball in water where 
the hydrophobic block in the core is surrounded by the hydrophilic block. The composition, 
temperature and reaction time can be changed in order to obtain the optimal material with 
respect to pore diameter or particle morphology. 
2.2 Shape and size-selectivity in PMS 
The typical pore diameters in periodic mesoporous silica make the material interesting as a 
host material for large species like organic molecules, nano particles, biomolecules, polymers 
and supramolecular aggregates.34 The materials having channel-like pores are excellent hosts 
as they have a constant tunable pore diameter. The process of nanocasting where the silica 
material is used as a template for other materials has been already mentioned in section 1.1. 
One example on how size and pore geometry affect the rate of reaction and selectivity is 
epoxidation.35 It has been proposed that larger pore sizes increase the rates of reaction so that 
SBA-2 gives a lower rate than a analogous hybrid material of MCM-41.36 Also branched pore 
systems seem to perform better in catalytic reactions than unbranched ones (MCM-48 versus 
MCM-41).37 Both observations may be explained by the better diffusion of the substrates 
which lead to higher rates of reaction. In an acetalization reaction of cyclohexanone (Scheme 
2.1) in MCM-41 materials, Iwamoto et al. found that the pore diameter influenced the rate 
constant.38 Without any ambiguous explanation the pore diameter of 1.9 nm seemed to be the 
optimal size for the reaction even when the substrate was exchanged with pentanal. 
 
 
Scheme 2.1 Acetalization of cyclohexanone in MCM-41 containing tuned pore diameter. 
 
2.3 Characterization of periodic mesoporous silica 
Within this thesis the materials have been characterized via powder X-ray diffraction 
(PXRD), nitrogen physisorption, elemental analysis (N, C, H), and Fourier Transform 
Infrared Spectroscopy (FT-IR). Other methods which are not concerned in this work are solid 
state MAS-NMR spectroscopy, extended X-ray absorption fine structure (EXAFS) and X-ray 
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absorption near edge spectroscopy (XANES). The two latter methods are related to heavy 
metals immobilized on the surface. 
 
Powder X-ray diffraction 
This method is used to find any structural order in a material. An X-ray beam in exact angles 
is directed into a smooth surface of sample. If the material has any long range periodicity the 
X-rays will at some angles be reflected and collected by the detector. The output data show 
the angle of the beam and the intensity of the reflected X-rays. In highly crystalline materials 
like zeolites several sharp reflections corresponding to the different planes are discovered at 
high angles θ. Because of the semi-crystalline nature of periodic mesoporous silica, the X-ray 
reflections occur only as weak and broad peaks at low angles θ. The pattern can still be used 
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This method explores the porosity of the material. Nitrogen is filled into the sample at a 
constant temperature of 77 K at different pressures and the volume of nitrogen absorbed is 
measured. Theoretical models have been made to calculate the Brunauer-Emmett-Teller 
specific surface area (SBET)39 and the Barrett-Joyner-Halenda (BJH)40 pore size distribution 
which provides the pore volume (VP) and pore diameter (dp). Figure 2.4 shows typical 
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Figure 2.4 N2-physisorption isotherm of MCM-48 and SBA-15. The red and green areas are 
used for the calculations. 
 
The types of the isotherms are divided into six different categories according to IUPAC.8 
Type I is associated with microporous solids. Type III, V and VI are uncommon isotherms, 
but still obtained in special cases. Type II refers to a non-porous or macroporous material and 
Type IV isotherms are typical for mesopores. Hysteresis loops are seen in the isotherms of 
type IV and V. The adsorption and desorption branches do not follow the same pathway 
because of capillary condensation in the mesopores, i.e. there are differences in the 
mechanisms of adsorption and desorption of the nitrogen gas. A monolayer of nitrogen 
molecules builds up at low relative pressure until the inflection at point B (see Figure 2.5) 
where a linear region starts due to multilayer formation on the surface. The different 
hysteresis corresponds to the different pore shapes: H1: spheres of approximately the same 
size, H2: ‘ink bottle’ pores, larger pores connected via smaller pores, H3: slit-shaped pores 





Figure 2.5 Different types of isothermes and hysteresis loops.8 
 
Ravikovitch and Neimark41 proposed a new method for the calculation of pore diameters for 
cagelike materials. The method is based on the geometry of the material and the pore volume 
obtained from powder X-ray crystallography and physisorption, respectively. The authors 
found that the pore diameter was up to 100% larger than reported by the BJH-method. 
 
FT-IR spectroscopy 
Infrared spectroscopy is an elegant technique to determine the surface species and kinetics of 
surface reactions. Typically one can follow the changes at the surface by examining 
characteristic vibrations which appears or disappears (e.g. O-H, Si-H). Particular diffuse 
reflectance Infrared Fourier transform (DRIFT) spectroscopy or in situ IR spectroscopy are 
preferred since these techniques avoid the use of any mineral oil (nujol), which would overlap 





2.4 Surface functionalization of periodic mesoporous silica 
Surface organometallic chemistry (SOMC) represents a new approach to heterogeneous 
catalysis.42, 43 Even though industry prefers heterogeneous catalysis it is difficult to establish 
the structure-activity relationship because of low homogeneity on the surface and low 
concentrations of the active sites. The SOMC method is based on a molecular approach in 
order to synthesize hetereogeneous catalysts. The method consists of controlled grafting of 
organometallic complexes directly onto a surface of an oxide through one or more ionic or 
covalent bonds to obtain isolated and well-defined active sites (Scheme 2.2). 
 
 
Scheme 2.2 General strategy to surface organotitanium chemistry. See Table 2.3 for possible 
derivatives of R and L. 
 
A hybrid material with an immobilized zirconium(IV) alkyl complex (Figure 2.6) displays a 
good example.44, 45 This hybrid material was transformed into a reactive zirconium(IV) 
hydride via hydrogenolysis which was found to catalyze olefin hydrogenation, isomerization, 
and polymerization. Later the same hybrid material was further optimized and found to be 
active in the depolymerization of polyolefins.46 The first example of SOMC@PMS, reported 




Figure 2.6 Examples of surface organometallic chemistry. (≡SiO)Zr(CH2C(CH3)3)3 (left)44 




A silica surface is known to have several different reactive surface sites. Siloxane bridges 
(≡Si-O-Si≡) being part of the continuous network and terminal silanol groups (≡Si-OH) are 




Figure 2.7 Various species on a silica surface. 
 
Surface silanol groups condense when they are brought to elevated temperatures to form 
water which can be eliminated by vacuum. This dehydroxylation removes geminal and vicinal 
surface species in favor for siloxane bridges and is required to avoid grafting precursors to 
form clusters or other bulk species on the surface. After dehydroxylation between 200 and 
300 ºC is the typical silanol population around 1.5-2.5 SiOH/nm2.47 
 
Silanol groups and organometallic precursors react mainly via rapid protonolysis reactions. 
The surface SiOH groups protonate basic ligands coordinated to the metal complex and create 
a Si-O-M bond while the ligand often exits the coordination sphere. In other words, the pKa of 
the ligand must be higher than that of the SiOH group (pKa = 6-7)48 to observe an 
immobilization (“grafting”) of the complex.  
 
Being the utmost important metal in catalysis metalorganic complexes of titanium have been 
immobilized on several silica surfaces (Table 2.3). The titanium sources used are chlorides, 
alkyls, alkoxides, amides and titanocene derivatives. TiCl4 reacts with Si-OH groups at high 
temperature to produce HCl which may degradate the silica structure. Alkoxides are 
inexpensive and easy to use but have a drawback because of incomplete surface silanol 
consumption and formation of clusters.49 In a study on the grafting of non-porous silica it was 
found that Ti(OiPr)4 only yielded dinuclear surface complexes, while the grafting of Ti(NEt2)4 
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Scheme 2.3 Grafting of Ti(OiPr)4 and Ti(NEt2)4 gives different agglomerated surface species. 
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Table 2.3 Overview of some titanium-grafted silica materials and their applications. 




Oxidation of α-terpineol 
51 
TiCl4 SBA-15 Epoxidation of cyclohexene 52 
Ti(OiPr)4 MCM-41 Hydrothermal stability 53 




Dispersion of TiO2 surface sites 
54 
Ti(OnBu)4 MCM-41 Photocatalytic oxidation of phenol to CO2 55 
 
PNSa Epoxidation of 1-octene 
56 
Cp2TiCl2 MCM-41 Epoxidation of cyclohexene and α-pinene 24 
Cp2TiCl2 MCM-41 Epoxidation of fatty acid methyl esters 57,58 
Cp2TiCl2 SBA-15 Epoxidation of 1-octene 59 




Oxidation of cyclooctene 
61 
Ti(CH2C(CH3)3)4 Silica Hydrogenolysis of light alkanes 62 
Ti(NMe2)4 MCM-48 Epoxidation of cyclohexene 63 
Ti(NEt2)4 Silica Epoxidation of cyclohexene 50 
Ti(NMe2)4 SBA-1 - 28 
PNS = periodic nanoporous material. MSF = mesoporous silica film. MAO = 
methylalumoxane. Cp = C5H5 = cyclopentadienyl. 
 
2.5 Objectives 
This work is concerned about thesurface derivatization of periodic mesoporous silica with 
focus on the cagelike material SBA-1. The following surface reactions should be investigated 
- surface silylation with disilazane reagents (HN(SiR3)2 R = H, alkyl, aryl) 
- immobilization of magnesium silylamide and titanium amide complexes 
- ligand exchange at surface-bonded titanium amide complexes with H2BINOL 
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Main emphasis should be put on whether cagelike materials can engage in size selective 
surface modifications. A PMS material with channel-like pore arrangement (MCM-41) has 
been for comparison.  
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3 Experimental section 
3.1 Chemicals 
Chemicals used in this thesis and their purity are found in Table 3.1, Table 3.2, and Table 
3.3 
 
Table 3.1 Reagents purchased or synthesised 
Compound Source Purity Purification 
C18NEt3Br Synthesized - See Chapter 2.2.3
HCl Riedel min. 37% Used as received
H2O - - Destilled 
Tetraethyl orthosilicate Fluka > 99% Used as received
Octadecylbromide, C18H37Br Fluka > 97% Used as received
Triethylamine J.T. Barker  Used as received
C16-3-1 Synthesized - See Chapter 2.2.3
HN(SiHMe2)2 (Hbdsa) ABCR > 97% Used as received
HN(SiMe3)2 (Hbtsa) ABCR > 97% Used as received
HN(SiMe2Ph)2 ABCR > 97% Used as received
HN(SiMePh2)2 ABCR > 97% Used as received
N,N-dimethylhexadecylamine, C16NMe2 Fluka > 95% Used as received
(3-bromopropyl)trimethylammonium bromide Aldrich > 97% Used as received




Pluronic F127 (EO106PO70EO106)a Sigma - Used as received
Ti(NMe2)4 Aldrich 99.999 % Used as received
Zr(NMe2)4 Aldrich 99.99+ % Used as received
R-Binaphthol Aldrich 99 % Used as received
Mg(bdsa)2 Synthesized - See Chapter 2.2.5
Ti(NMe2)3(bdsa) Synthesized - See Chapter 2.2.5
Mg(btsa)2 Synthesized - See Chapter 2.2.5
Ti(NMe2)2(BINOL) Synthesized - See Chapter 2.2.5
aPoly(ethylene oxide)–poly(propene oxide)–poly(ethylene oxide) triblock copolymer. 
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Table 3.2 Solvents used in this work 
 
Table 3.3 Chemicals used for characterization 
Compound Purchase Purity Purification 
Benzene-d6 Aldrich 99.6 atom % D Dried with Na 
Potassium bromide Aldrich > 99% Dried at 150 ºC 
Mineral oil (Nujol) Sigma - Dried over molecular sieves
Ti standard Perkin Elmer 1.000 μg/mL Used as received 
 
Solvents to be used in the glovebox were purified with a MBraun SPS (solvent purification 
system) using Grubbs columns.  
 
C6D6 was degassed, dried with Na, filtered and stored in a glovebox. 
 
KBr powder was dried at 150 ºC for several days, degassed and stored in the glovebox. 
 
Mineral oil (Nujol) was degassed and stored under molecular sieves in a glovebox. 
 
 
Solvent Source Purity Purification 
Hexane Aldrich > 98.5 % SPS 
Toluene Aldrich > 99.7 % SPS 
Tetrahydrofuran Aldrich > 99.9 % SPS 
Acetonitrile Riedel > 99.5 % Used as received
Tetramethylammonium hydroxide Aldrich 25 % in H2O Used as received
Hydrofluoric acid Merck 40 % Used as received
Nitric acid Fluka 65 % Used as received
Diethylether Riedel Puriss (p.a.) SPS 
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3.2 Methods and experiments 
3.2.1 General information 
NMR spectroscopy 
1H and 13C NMR spectra were recorded on a Bruker BioSpin DPX400 (1H: 400.13 MHz; 13C: 
100.61 MHz), and a Bruker AV600 (1H: 600.13 MHz; 13C: 100.61 MHz) at 298 K. When 
recording 13C spectra proton decoupling was used. Deuterated benzene was used as a solvent 
and as internal standard. Shifts are reported in parts per million relative to TMS. Coupling 
constants are given in Hz. Spectra were manipulated with MestReNova64 (version 5.2.1-
3586). Signals are assigned with the following abbreviations: s, singlet; d, doublet; t, triplet; 
dd, doublet of doublets. 
 
FT-IR spectroscopy 
IR spectra were obtained on different instruments. All spectra were obtained at ambient 
temperature. All samples were prepared inside a glovebox. A Nicolet Impact 410 FTIR 
spectrometer were used for measuring materials and solids as Nujol mull, sandwiched 
between KBr disks; liquid samples were measured as neat liquid. DRIFT (Diffuse Reflectance 
Infrared Fourier-Transform) spectra were recorded on a Nicolet Protégé 460 spectrometer for 
which the samples were mixed with KBr, finely grinded and packed into a sample holder. The 
sample holder was placed in a DRIFT cell and sealed. The measurement chamber was purged 
with nitrogen before the spectra were collected. Numbers are reported in wavenumber (cm-1). 
For the intensity of the absorption bands the following abbreviations have been used: w, 
weak; m, middle; s, strong; vs, very strong, b, broad signal. 
 
Elemental analysis 
An Elementar Vario El III was used for the determination of carbon, nitrogen and hydrogen 
content. Air- and water sensitive samples were double packed inside the glovebox into tin 
ships. The ships were placed in glass tubes, sealed with parafilm, and stored there until the 
measurement took place. Measurements were kindly performed by Inger Johanne Fjellanger. 
 
Atom absorption spectroscopy (AAS) 
The titanium content determination was determined on a Perkin-Elmer Aanalyst 300. The 
materials to be characterized were dissolved in hydrofluoric acid overnight. The samples were 
left in air to evaporate, then dissolved in concentrated nitric acid and let to evaporate again. 
EXPERIMENTAL 
22 
The residue was dissolved and diluted with 2 M nitric acid before it was measured on the 
instrument using a mixture of air, acetylene and N2O as combustion gases. 
 
Porosimetry 
A Micromeritics ASAP 2020 volumetric adsorption apparatus was used to examine the 
porous materials. Samples of 100 mg were degassed for at least 4 hours at 250 ºC (parent 
materials) and at 25 ºC (hybrid materials). Nitrogen was used as the sorption gas for relative 
pressures between 0.01 and 0.99 at 77 K. The aS BET (BET specific surface area) was 
calculated from the adsorption isotherm in the relative pressure range from 0.04 to 0.2.8, 39 
The pore size distributions were calculated using the Barret-Joyner-Halenda (BJH) method.40 
For SBA-1 materials a method proposed by Neimark41 has been used to calculate the cage 
pore diameter. 
 
Powder X-ray diffraction 
Diffraction patterns of the materials were obtained on a Bruker D8 ADVANCE instrument. 
The following step/scan mode was used: Step width = 0.00825; accumulation time = 2 s/step; 




Due to the high sensitivity to water and air, the synthesis of the metalorganic complexes was 
done using high vacuum, Schlenk techniques and glovebox techniques (MBraun MB150B-G; 
<1 ppm O2, <1 ppm H2O) 
 
3.2.2 Synthesis of surfactants 
Synthesis of triethyloctadecylammonium bromide, C18NEt3Br65 
Octadecylbromide (25.32 g, 75.94 mmol) was dissolved in with 200 ml acetonitrile. 
Triethylamine (11.52 g, 113.91 mmol) was added and the reaction mixture refluxed for 24 
hours. The mother liquid was cooled down to ambient temperature before the crude product 
was filtrated and washed with hexane. This white solid was recrystallized in hexane and 
methanol. After filtration, the white powder was dried in air at ambient temperature. 
Elemental analysis (wt %) calculated for C24H52BrN (434.58 gmol-1): C 66.33, H 12.06, N 




Synthesis of N-(3-trimethyl-ammoniumpropyl)hexadecylammonium dibromide, C16-3-1 66 
(3-Bromopropyl)-trimethylammonium bromide (12.5 g, 47.89 mmol) was dissolved in 150 
mL as a mixture of acetonitril and nitromethane (1:2). N,N-dimethylhexadecylamine (15.48 g, 
57.44 mmol) was added and the reaction was heated up to 50 ºC and then refluxed for 24 
hours. The mother liquid was cooled down and filtrated. The obtained white solid was washed 
with hexane. The product was purified by recrystallization in ethyl acetate and a few drops of 
methanol before it was dried in air. Elemental analysis (wt %) calculated for C23H52Br2N2 
(516.48 gmol-1): C 53.49, H 10.15, N 5.42. Found: C 51.30, H 10.60, N 4.99. 
 
3.2.3 Synthesis of periodic mesoporous silica 
Synthesis of PMS SBA-130 
Surfactant C18NEt3Br (5.71 g, 13.10 mmol), distilled water (598.53 g, 33.25 mol) and 
concentrated hydrochloric acid (37%, 362.90 g, 3.68 mol) were mixed in a PET bottle. This 
mixture was stirred for one hour to produce a homogeneous solution. The solution 
temperature was set to 0 ºC and then TEOS (13.68 g, 65.67 mmol) cooled to 0 ºC, was added 
slowly to the solution. After the reaction was stirred 4 hours at 0 ºC, the bottle was closed and 
heated under static conditions at 100 ºC for 1 hour. The white precipitate was filtrated without 
any washing and dried in air overnight. After complete dryness the as-synthesised product (1 
and 2) was calcined at 540 ºC (air, 5 h) and dehydrated in vacuo (270 ºC, 10-4 Torr, 4 h). Final 
molar composition: 1 C18NEt3Br : 5 TEOS : 281 HCl : 2538 H2O. XRD-reflections in 2θ: 1: 
2.17; 2.36; 2.58, 2: 2.08; 2.27; 2.49. See Table 3.4 for nitrogen physisorption data. 
 
Synthesis of PMS SBA-1 Large Pores (LP) 
The synthesis of SBA-1 LP resembles the SBA-1 synthesis with the following modifications. 
The mixture was treated at 100 ºC for 72 hours to give material (6). XRD-reflections in 2θ: 
1.93; 2.12; 2.33. 
 
Synthesis of PMS SBA-231 
Surfactant C16-3-1 (1.00 g, 2.47 mmol), water (140.66 g, 7.81 mol) and tetramethylammonium 
hydroxide, TMAOH (25% in water, 10.00 g, 27.44 mmol) was homogenized in a PET bottle 
at ambient temperature for 30 minutes. TEOS (11.43 g, 54.87 mmol) was then added slowly 
dropwise. The solution was stirred for 2 hours. The product was filtrated and left to dry in air. 
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The white material (5) was calcined at 540 ºC (air, 5 h) and dehydrated in vacuo (270 ºC, 10-4 
Torr, 4 h). Final molar composition: 0.05 C16-3-1 : 0.5 TMAOH : 142 H2O : 1 TEOS. XRD-
reflections in 2θ: 2.24; 3.63; 4.23; 5.70. 
 
Synthesis of PMS MCM-417 
Surfactants C16-3-1 (5.51 g, 10.39 mmol) and CTMABr (4.27 g, 11.71 mmol) were dissolved in 
water (280.76 g, 15.6 mol) and tetramethylammonium hydroxide, TMAOH (25% in water, 
23.65 g, 64.67 mol). After having obtained a complete homogeneous mixture (30 minutes), 
TEOS (27.04 g, 129.78 mmol) was added slowly drop by drop. The reaction mixture was 
stirred for 40 minutes. The obtained mixture was filtrated and washed with water then mixed 
with 350 ml water and treated in an oven at 100 ºC for 6 days. The obtained mesoporous silica 
was filtrated, washed with water and dried in air. The material (3 and 4) was calcined at 540 
ºC and dehydrated in vacuo (270 ºC, 10-4 Torr, 4 h). Final molar composition: 0.08 C16-3-1 : 
0.09 CTMABr : 0.5 TMAOH : 120 H2O : 1 TEOS. XRD-reflections in 2θ: 3: 1.84; 3.28; 3.64; 
4.83. 
MCM-41 materials were provided by Thomas Deschner and André Bienfait. 
 
Synthesis of PMS SBA-1667 
Copolymer surfactant Pluronic F127 (EO106PO70EO106, 3.0 g) was dissolved in hydrochloric 
acid (37%, 22.1 g, 223.8 mmol) and distilled water (117.0 g, 6.5 mol), then the solution was 
heated and kept at 35 ºC. TEOS (11.7 g, 56.16 mmol) was added slowly dropwise and the 
reaction mixture was stirred at 35 ºC for 24 hours and then treated at 100 ºC for 24 hours. The 
material was filtrated without any washing and dried overnight. The obtained material (7) was 
calcined at 540 ºC (air, 5 h) and dehydrated in vacuo (270 ºC, 10-4 Torr, 4 h). Final molar 
composition: 0.004 Pluronic F127 : 1 TEOS : 4 HCl : 116 H2O. XRD-reflections in 2θ: 0.88; 
1.46. 
 
Table 3.4 Physisorption data of the materials synthesized 
Material aS, BET / m2g-1 VP / cm3g-1 dp, Des / nm dc / nm 
SBA-1 1 1240 0.68 2.2 4.4 
SBA-1 2 1350 0.83 2.3 4.7 
MCM-41 3 1060 1.13 3.4 - 
MCM-41 4 1170 1.25 3.3 - 
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SBA-2 5 990 0.64 2.5 - 
SBA-1 LP 6 1050 1.11 3.7 5.1 
SBA-16 7 640 0.85 2.9 - 
 
3.2.4 Synthesis of metalorganic complexes 
Synthesis of {Mg[N(SiHMe2)2]2}2  
The magnesium complex was synthesized following a slightly modified procedure.28 1,1,3,3-
Tetramethyldisilazane (1.07 g, 8.02 mmol) was dissolved in hexane. A solution of 
dibutylmagnesium (1 M in heptane, 4.0 mL, 4.0 mmol) was added dropwise. Gas evolution of 
butane was observed. The reaction was stirred 4 hours at ambient temperature. The solvent 
was removed in vacuo. The remaining white solid was solved in hexane, filtrated and 
recrystallized at –35 ºC. Crystals were obtained after a few days, but were not characterized 
by single crystal X-ray diffraction. The hexane solution was removed by a Pasteur pipette and 
the white crystals were dried in vacuo several hours to give 90% yield (3.6 mmol). Elemental 
analysis (wt %) calculated for C8H28MgN2Si4 (288.97 gmol-1): C 33.25, H 9.77, N 6.96. 
Found: C 35.20, H 11.79, N 8.57. 1H NMR (400.13 MHz C6D6): δ = 5.06 (2H, septet, 
3J(H,H) = 0.8 Hz, SiH), 4.96 (2H, septet, 3J(H,H) = 0.8 Hz, SiH), 0.39(12H, dd, J(H,H) = 2.7, 
1.0, SiCH3), 0.37(12H, dd, J(H,H) = 3.1, 1.0). 13C NMR (100.61 MHz C6D6): δ = 3.97, 2.50. 
DRIFT(cm-1): 2948 m, 2890 w, 2081 m, 2046 wb, 1256 m, 1057 m, 961 m, 891 vs, 839 s, 
777 m, 486 w. 
 
Synthesis of Ti(NMe2)3[N(SiHMe2)2] 
The complex was synthesized following a slightly modified procedure.65 1,1,3,3-
Tetramethyldisilazane (601 mg, 4.51 mmol) was dissolved in toluene. 
Tetrakis(dimethylamido)titanium(IV) (498 mg, 2.22 mmol) was added drop by drop. The 
colour changed from bright yellow (Ti(NMe2)4) to dark yellow. The reaction was stirred for 
48 hours at ambient temperature. Afterwards the solvent and remaining precursors were 
removed under vacuum for several hours. The product was obtained as a dark green solid wax 
in 90 % yield (4.06 mmol). Elemental analysis (wt %) calculated for C10H32N4Si2Ti (312.43 
gmol-1): C 38.44, H 10.32, N 17.93. Found: C 38.24, H 13.89, N 16.59. 1H NMR (400.13 
MHz C6D6): δ = 5.03 (2H, sept, 3J(H,H) = 3.2 Hz, NSiH), 3.08 (18 H, s, TiNMe), 0.35 (12H, 
d, 3J(H,H) = 3.2 Hz, NSiMe). 13C NMR (100.61 MHz C6D6): δ = 45.38, 3.11. DRIFT(cm-1): 
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2956 m, 2854 s, 2812 m, 2771 s, 2089 m, 1416 w, 1250 m, 1148 w, 947 ws, 901 m, 843 m, 
591 w.  
 
Synthesis of Ti(NMe2)2(BINOL) 68 
R-Binaphthol (H2BINOL, 286.3 mg, 1.00 mmol) was dissolved in diethyl ether to give a 1 M 
solution. To this solution Ti(NMe2)4 (224.2 mg, 1.00 mmol) was added in one portion also as 
a 1 M solution in Et2O. The reaction took place overnight and the solvent was removed in 
vacuo. The orange/red solid was separated in hexane soluble and toluene soluble parts. No 
crystals were obtained. The yield based on the hexane soluble part was 7 % (0.07 mmol). 
Elemental analysis (wt %) calculated for C24H24N2O2Ti (420.33 gmol-1): C 68.58, H 4.76, N 
6.66. Found: C 69.32, H 6.17, N 5.14. 1H NMR (600.13 MHz, C6D6): δ 7.91 (2H, d, J = 7.8 
Hz), 7.69 (2H, d, J = 8.8 Hz), 7.48 (2H, d, J = 8.5 Hz), 7.31 (2H, t, J = 7.8 Hz), 7.09 (2H, t, J 
= 8.0 Hz), 6.89 (2H, d, J = 8.7 Hz), 3.01 (12H, s).13C NMR (100.61 MHz C6D6): Due to low 
concentration no signals were obtained after 10000 scans. DRIFT(cm-1): 3050 w, 3000 w, 
2895 w, 2858 m, 2770 w, 1613 m, 1590 m, 1506 m, 1465 s, 1335 vs, 1237 vs, 951 vs, 820 s, 
745 s, 615 s, 594 s. 
 
Reaction between Ti(NMe2)4 and {Mg[N(SiMe3)2]2}2 
The magnesium complex (57.7 mg, 0.20 mmol) was dissolved in hexane. Ti(NMe2)4 (53.6 
mg, 0.24 mmol) was added dropwise and the reaction was stirred overnight. The colour 
changed from yellow to dark orange/ red. The solvent was removed and the red brownish 
powder was dried under vacuum. Crystals were not obtained from a hexane solution at –35 
ºC. 1H NMR (400.13 MHz C6D6): δ = 5.13 (1H, sept, J = 3.1), 3.18 (14H, s), 0.44 (9H, t, J = 
3.2). 13C NMR (100.61 MHz C6D6): δ = 100.64, 45.28, 3.10. 
 
Synthesis of Zr(NMe2)3[N(SiHMe2)2] 
Tetrakis(dimethylamido)zirconium (251.2 mg, 0.94 mmol) was solved in hexane and added to 
a solution of 1,1,3,3,-tetramethyldisilazane (252.8, 1.90 mmol) in hexane. The reaction was 
stirred overnight. The solvent was removed under vacuum and the remaining white solid was 
dissolved in hexane and filtrated. This solution did not produce crystals after two weeks at     





3.2.5 Functionalization of PMS 
General procedure 
The parent material was suspended in hexane. The precursor to be grafted was dissolved in 
hexane where needed and added to the suspension. The reaction took place overnight at 
ambient temperature in a glovebox. The mother liquid was removed after centrifugation. The 
material was washed with hexane three times and then dried under vacuum. Where possible 
the grafting precursor was recovered from the mother liquid and the washing water. 
 
















Surface silylation – determination of silanol groups 
Following the general procedure dehydrated material (100.0 mg) was reacted with 1,1,3,3-
tetramethyldisilazane (200 mg, 1.50 mmol). See Table 3.6 for numbers. 
 
Surface silylation – modification of the surface 
SBA-1 1 (200 mg) was reacted with 1,3-diphenyl-1,1,3,3-tetramethyldisilazane (350 mg, 1.23 
mmol). Following the general procedure, where the reaction time was extended to 20 hours, a 


















SBA-1 2 (305 mg) was reacted with 1,3-dimethyl-1,1,3,3-tetraphenyldisilazane (674 mg, 1.65 
mmol). Following the general procedure with 20 hours reaction time a white material 
SiMePh2@SBA-1 2c (324 mg) was obtained. 
 
MCM-41 4 (401 mg) was reacted with 1,3-dimethyl-1,1,3,3-tetraphenyldisilazane (1.031 g, 
2.51 mmol). Following the general procedure with 20 hours reaction time a white material 
SiMePh2@MCM-41 4c (347 mg) was obtained. 0.883 g of the silylation agent was recovered 
from the reaction. 
 
Grafting of Mg(bdsa)2 
SBA-1 2 (500 mg) was reacted with Mg(bdsa)2 (523 mg, 1.81 mmol). The reaction followed 
the same steps as the general procedure except the reaction time which was 24 hours. A white 
powder (2d) was obtained (mass not recorded). The magnesium complex was recovered: 475 
mg, 1.65 mmol. 
 
Table 3.6 Hybrid materials properties part 1 
Material Physisorption data Elemental analysis 
 aS, BET / 
 m2g-1 
VP /  
cm3g-1 
dp, Des / 
nm 








1a b b b b 7.39 2.35 0.08 
1b 510 0.24 < 1.1 3.7 14.75 1.76 0.06 
2a b b b b 7.24 1.77 0.10 
2c 1030 0.54 2.2 4.4 11.44 1.28 0.43 
2d 1200 0.71 2.2 4.6 3.03 1.51 0.28 
4a b b b a 7.53 1.71 6.14 
4c 90 0.09 3.3 a 10.60 1.76 0.40 
a This calculation only applies to SBA-1 b No data available 
 
Grafting of Ti(NMe2)4 
Several materials, were reacted with tetrakis(dimethylamido)titanium. The mother liquid 
turned orange upon addition of the titanium complex. Following the general procedure a 




Table 3.7 Reaction conditions for the grafting of Ti(NMe2)4 
a Not recorded 
 
Ligand exchange on surface 
H2BINOL was dissolved in toluene with some drops of THF. The material was suspended in 
toluene and added to the first solution. The reaction stirred overnight at ambient temperature 
while the colour changed from yellow to dark orange. The material was washed three times 
with toluene/THF and two times with hexane. A slightly darker yellow material was dried 
under vacuum. Numbers are given in Table 3.8. 
 
Table 3.8 Reaction conditions for ligand exchange on surface 
Material (mg) H2BINOL (mg / 
mmol) 
Reaction time Product (mg) 
SBA-1 2e2 (254) 259 / 0.92 48 hours 2e2B (273) 
MCM41 3e (150) 150 / 0.52 Overnight 3eB (a) 
a Not recorded 
 
Grafting of Ti(NMe2)3[N(SiHMe2)2] 
The material and the titanium complex were reacted following the general procedure except 
for the reaction time as noted in Table 3.9. Materials Ti(NMe2)x[N(SiHMe2)2]@PMS #f, 





mg / mmol 
Reaction time Recovered  
Ti(NMe2)4 
mg / mmol 
Product 
(mg) 
SBA-1 1 (216) 280 / 1.25 Overnight a 1e (214) 
SiMe2Ph@SBA-1 1b (206) 270 / 1.20 4 days a 1be (a) 
MCM-41 3 (420) 550 / 2.45 24 hours a 3e (a) 
SBA-1 2 (200) 327 / 1.46 48 hours 95 / 0.42 2e (288) 
SBA-1 2 (410) 669 / 2.98 48 hours 150 / 0.67 2e2 (557) 
SiMePh2@SBA-1 2c (159) 142 / 0.63 24 hours a 2ce (183) 
Mg(bdsa)x@SBA-1 2d (453) 448 / 2.00 24 hours 223 / 1.00 2de (a) 
SiMePh2@MCM-41 4c (200) 158 / 0.70 24 hours 79 / 10.17 4ce (245) 
EXPERIMENTAL 
30 
Table 3.9 Reaction conditions for the grafting of Ti(NMe2)3[N(SiHMe2)2] 
 
Grafting of Zr(NMe2)4 
SBA-1 2 (209 mg) was reacted with tetrakis(dimethylamido)zirconium (384 mg). Following 
the general procedure except the reaction time was 48 hours material 2g (318 mg) was 
obtained.  
 
Table 3.10 Hybrid materials properties part 2 
Material Physisorption Elemental analysis 
 aS, BET / 
 m2g-1 
VP /  
cm3g-1 
dp, Des / 
nm 










1e 1090 0.50 2.0 4.2 5.18 1.17 2.44 a 
1be 420 0.21 < 1.1 3.7 16.46 2.15 0.66 a 
2e 710 0.29 1.6 4.0 12.44 2.88 7.00 a 
2e2 690 0.29 < 1.1 4.0 a a a a 
2e2B 670 0.28 < 1.1 3.9 a a a a 
2ce 650 0.28 < 1.1 3.9 15.48 2.97 5.97 10.25 
2de 710 0.30 < 1.1 4.0 12.84 3.12 6.49 11.0 
2f 900 0.47 < 1.1 4.3 12.43 2.93 4.98 4.56 
2f2 740 0.34 < 1.1 4.1 a a a a 
2g 600 0.26 < 1.1 3.9 12.96 2.99 7.01 0 
3e 640 0.60 2.9 b 12.18 2.85 6.80 12.1 
3eB 370 0.20 2.1 b 29.14 2.66 2.60 5.87 
4ce 610 0.53 2.8 b 15.84 2.83 5.70 8.21 
4f 610 0.48 2.6 b 12.27 3.51 5.39 8.73 
a Not recorded. b Applies only to cagelike materials 
Material (mg) Ti(NMe2)3(bdsa)  
(mg / mmol) 
Reaction time Recovered  
(mg / mmol) 
Product (mg) 
2 (152) 223 / 0.71 24 hours 120 / 0.38 2f (201) 
2 (405) 615 / 1.97 5 days 400 / 1.28 2f2 (547) 
4 (155) 218 / 0.70 Overnight 76 / 0.24 4f (205) 
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4 Results and discussion 
4.1 Periodic mesoporous silica 
Surfactants 
C18NEt3Br and C16-3-1 were synthesized and characterised by elemental analysis (Table 4.1 
and Table 4.2). C18NEt3Br was used in the synthesis of SBA-1 while C16-3-1 was used in 
synthesis of SBA-2 and in several attempts to make MCM-41.  
 
Table 4.1 Elemental analysis of C18NEt3Br 
 wt% C wt% H wt% N
Required 66.33 12.06 3.22 
Found 65.22 12.65 3.05 
 
Table 4.2 Elemental analysis of C16-3-1 
 wt% C wt% H wt% N
Required 53.49 10.15 5.42 
Found 51.30 10.60 4.99 
 
With three ethyl groups in the hydrophilic end the C18NEt3+ has a larger head group area than 
the corresponding fatty acid C17H35COOH. C16-3-1 (Figure 4.1) has two cationic nitrogen 
separated with a (CH2)3 spacer. This makes the head group area larger and decreases the 
packing parameter. 
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The two SBA-1 materials, synthesized by a known literature procedure30, showed the same X-
ray diffraction pattern for a cubic material with the space group Pm3n as previously reported. 
Both materials were found to have a high specific surface area above 1200 m2g-1. The pore 
volumes were found to be 0.68 and 0.83 cm3g-1. The pore size diameters calculated from the 
BJH method were approximately 2.2 nm, but this value describes the cagelike pores and the 
interconnecting channels in one value. A method proposed by Neimark explains how to 
calculate the inner pore diameter of the cages by using the pore volume and the geometrical 
data obtained from powder X-ray diffraction analysis. By using Neimark’s method the 
cagelike pores are calculated to have a diameter of 4.4 and 4.7 nm, nearly a doubling of the 
values obtained from the BJH method. Even though these physisorption measurements are 
inaccurate it is possible to compare the pore size values from the parent material and hybrid 
materials. The high values for the cagelike pore diameter does not tell us how large the 
windows into the material are, but as long as the reagent to be immobilized passes through the 
window one may tune the inner environment as desired. This method may be called “ship in a 
bottle” synthesis. The appendix shows the powder X-ray diffraction pattern (Figure 6.1 and 




By using a divalent surfactant C16H33NMe2(CH2)3NMe32+ a SBA-2 material 5 with space 
group P63/mmc was obtained. The powder X-ray pattern is shown in Figure 6.55. This 
material shows a lower specific surface area (990 m3g-1) and a lower pore volume (0.64 m3g-1) 
than the SBA-1 materials, while the BJH pore size distribution shows a higher pore diameter 
(2.5 nm). See Figure 6.55 for physisorption isotherm and BJH pore size distribution.  
 
MCM-41 
Two MCM-41 materials, with space group P6mm, were synthesized by fellow group 
members following a slightly modified procedure described by Beck et al.7 The surfactant 
C18H37NEt3+ was used in a molar composition to give a hexagonal mesophase which was 
confirmed by the powder X-ray diffraction pattern recorded for the materials 3 (Figure 6.3) 
and 4 (Figure 6.4). The materials have a specific surface area of 1060 (3) and 1170 m3g-1 (4) 
which is about 200 m3g-1 lower than the SBA-1 materials. The pore volumes are 1.13 (3) and 
1.25 cm3g-1 (4) which is higher than the SBA-1 materials. Since the BJH method is based on 1 
dimensional tubes it is more reliable used on MCM-41 than on SBA-1. The pore diameters 
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obtained 3.4 (3) and 3.3 nm (4) are about 1 nm larger than for the SBA-1 materials. N2- 
physisorption isotherms and BJH pore size distribution can be found in Figure 6.53 and 
Figure 6.54 
 
SBA-1 LP (Large pores) 
The SBA-1 LP material 6 is made by the analogues procedure as the common SBA-1 
material, however, with longer crystallization time (hydrothermal treatment) is set to 72 hours 
compared to 4 hours. The powder X-ray diffraction pattern (Figure 6.6) reveals a highly 
crystalline material like the common SBA-1 material with reflections shifted to lower angles. 
The specific surface area (1050 m3g-1) is somewhat smaller than the common SBA-1 material 
and the MCM-41. The pore volume (0.85 cm3g-1) is lower than the MCM-41 materials and 
slightly higher than the common SBA-1. The SBA-1 LP shows a BJH pore diameter of 3.7 
nm and 5.1 nm for the inner pore diameter. Isotherm and BJH pore size distribution is shown 
in Figure 6.56. 
 
SBA-16 
SBA-16 was synthesized by using a triblock polymer poly(ethylene oxide)106-poly(propylene 
oxide)70-poly(ethylene oxide)106 as structure directing agent. This resulted in a crystalline 
material 7, with space group Im3m, shown by powder X-ray diffraction pattern in Figure 6.7. 
The specific surface area (640 m2g-1) is significantly lower than the other materials in this 
work. The pore volume (0.85 cm3g-1) and the pore size (2.9 nm) lies between the pore volume 
of SBA-1 materials and MCM-41 materials. See Figure 6.57 for physisorption isotherm and 
BJH pore size distribution. 
 
4.3 Metalorganic precursors 
4.3.1 {Mg[N(SiHMe2)2]2}2 
The synthesis of {Mg[N(SiHMe2)2]2}2 (Scheme 4.1) was done after literature procedures.28 
By reacting n-butyl magnesium with 2 equivalents of Hbdsa gas formation was observed. The 
complex gave large crystals after recrystallization in hexane at –35 ºC.  










Me2HSi SiHMe2  
Scheme 4.1 Synthesis of {Mg[N(SiHMe2)2]2}2 
 
The 1H NMR spectrum (Figure 6.13) shows a set of two peaks according to a dimer. One set 
is the terminal silylamide ligand and the other set is the bridging silylamide ligand. The 
signals for the Si-H at 5.06 and 4.96 ppm show two multiplets which may be interpreted as 
two septets caused by the coupling to 6 other protons. The signals at 0.39 man 0.37 
corresponds to the methyl groups connected to the silicon. The signals occur as doublet of 
doublets where one can find the coupling constants to the Si-H proton. The second coupling 
constant 1.0 Hz exist in both peaks and indicate a coupling between the two methyl proton 
environments. The 13C NMR spectrum (Figure 6.14) shows to distinct signals at 3.97 and 2.50 
ppm according to the two different methyl environments in the complex. The DRIFT 
spectrum (Figure 6.25) shows two peaks around 2050 cm-1 corresponding to the Si-H stretch. 
Two new peaks at 1058 and 493 cm-1 appear while the N-H stretch at 3384 cm-1 and the 
vibration 1178 cm-1 have disappeared.  
 
4.3.2 Ti(NMe2)3[N(SiHMe2)2] 
Ti(NMe2)3(bdsa) (Scheme 4.2) was obtained by Ti(NMe2)4 with one equivalent of Hbdsa. The 
green wax obtained gave three peaks in the 1H NMR spectrum. The Si-H proton resonance at 
5.03 ppm is coupled to six other protons and shows a septet. A singlet at 3.08 ppm is in 
accordance with the eighteen protons in the methyl amido groups. A doublet which account 
for the Si-Me groups at 0.35 ppm shows the same coupling constants as found for the Si-H 
proton. 
 
























Scheme 4.2 Synthesis of Ti(NMe2)3[N(SiHMe2)2] 
 
13C NMR reveals two different peaks which fit the N-C and the Si-C environments as 
expected. The DRIFT spectrum (Figure 6.26) shows the Si-H stretch at 2090 cm-1 which is 30 




The reaction was carried out as shown in Scheme 4.3. Characterization showed that the 
complex existed in both hexane- and toluene soluble parts, even though the 1H NMR 
spectrum (Figure 6.17) showed that the hexane soluble part was purer. The spectrum further 
reveals one singlet at 3.01 ppm corresponding to the N-Me groups and six other signals 
between 6.9 and 8.0 ppm. One notice that two of the signals (7.31 and 7.01 ppm) split into 
triplets while the other four signals split into doublets. The two triplets correspond to two 
protons coupled to two other protons in ortho position. The 13C NMR spectra did not show 















Scheme 4.3 Synthesis of Ti(NMe2)2(BINOL) 
 
The DRIFT spectrum (Figure 6.27) showed a new peak at 3050 cm-1 according to the carbon 
hydrogen stretch vibration for aromatic compounds.  
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4.3.4 The reaction between Ti(NMe2)4 and {Mg[N(SiHMe2)2]2}2 
This reaction was done in order to confirm that the two complexes would not interact with 
each other when immobilising them on a silica surface. The results from this reaction indicate 
that interaction may happen. The product was obtained as a brownish powder and not as an 
heterogeneous mixture of the liquid titanium complex and the white crystalline magnesium 
complex. The 1H NMR spectrum shows three distinct signals 5.03, 3.08, 0.36 ppm (integral 
ratios: 1; 14-, 9) and are believed to be MgNSiH, TiNMe and MgNSiMe respectively. The 13C 
NMR spectrum reveals three signals (ppm): 100.64 (unassigned), 45.28 (TiNMe), 3.10 
(NSiMe). Without any other measurement data this discussion does not give any clear answer 
on what the product may be. 
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4.4 Hybrid materials 
4.4.1 SiHMe2@PMS 
The reaction between Hbdsa and materials (Scheme 4.4) is done to get an estimate of 
accessible Si-OH groups on the surface.69 
 
 
Scheme 4.4 Grafting of Hbdsa on PMS 
 
Hbdsa is a small and reactive molecule to silanol groups and the by-product ammonia is easy 
to remove from the surface under vacuum. The modification of the surface may be observed 
form FT-IR spectra (Figure 4.2) via the O-H stretch vibration at around 3500 cm-1. The Si-H 
stretch also shows up at around 2150 cm-1. A complete consumption of the silanol groups 
confirmed by FT-IR proves that most silanol groups are accessible for Hbdsa. Calculated 











Figure 4.2 DRIFT spectra of silylated PMS. Bottom: SBA-1 2, middle SiHMe2@SBA-1 2a, 
top SiHMe@MCM-14 4a 
 
RESULTS AND DISCUSSION 
38 
The carbon content determined from elemental analysis was used to calculate the amount of 
















Table 4.3 Silanol group population 
Entry wt% C wt% H wt% N Si-OH / mmol g 
1a 7.57 2.30 < 0.1 3.75 
2a 7.24 1.77 0.1 3.65 
3a    3.47a 
4a 7.53 1.71 0.1 3.83 
aProvided by Thomas Deschner 
 
4.4.2 Grafting of HN(SiMe2Ph)2 and Ti(NMe2)4 on SBA-1 
SBA-1 material was modified with HN(SiMe2Ph)2 and Ti(NMe2)4 as proposed in Scheme 4.5. 
The FT-IR spectrum (Figure 4.3) shows the silanol stretching in two peaks where one 
accounts for silanol groups inaccessible by the disilazane. The second silanol peak which is 
moved to lower wavenumbers are believed to be silanol groups being in close interaction with 
the phenyl groups which are grafted to the surface. By grafting Ti(NMe2)4 the silanol stretch 
is not observed. 











































































R = Me, PhSBA-1
 
Scheme 4.5 Proposed hybrid materials after grafting with HN(Si(MePhR)2 (R = Me, Ph) and 
Ti(NMe2)4. 
 
From the physisorption data (Figure 4.4) one can see a dramatic drop in specific surface area 
which indicates that the windows into the cagelike pores are blocked by the surface silylation. 
Grafting the titanium complex does decrease the specific surface area slightly. The BJH pore 
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size distribution does show a maximum at lower than 1.1 nm and makes it useless in the 
discussion of pore diameters. The pore diameter calculated for the cagelike pores is 
decreasing from 4.4 nm (1) to 3.7 nm (1b). After the grafting of Ti(NMe2)4 there is no change 
in the cagelike pore diameter. The carbon content increase from 14.75 weight % (1b) to 16.46 
weight % for the titanium grafted sample (1be) which suggest that some of the titanium 









Figure 4.3 FT-IR spectra of SBA-1 1 bottom, SiMe2Ph@SBA-1 1b middle, 
Ti(NMe2)x@SiMe2Ph@SBA-1 1be top 













































Figure 4.4 N2 physisorption isotherm and BJH pore size distribution for 1(diamond) 
1b(squares) 1be(triangles). 
 
4.4.3 Grafting of HN(SiMePh2)2 and Ti(NMe2)4 on SBA-1 
Material 2c is SBA-1 reacted with a larger disilazane HN(SiMePh2)2 (Scheme 4.5). From the 
DRIFT spectra (Figure 4.5) one can see that there are still free silanol groups on the surface 
and the interaction between some silanol groups and the phenyl groups. In the absence of 
nujol one can also observe the C-H stretching from aromatic and aliphatic environments. The 
carbon content increases to 11.44 weight % through the first step and in total 15.48 weight % 











Figure 4.5 DRIFT spectra of SBA-1 2 bottom, SiMePh2@SBA-1 2c middle, 
Ti(NMe2)x@SiMePh2@SBA-1 2ce 
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Physisorption data (Figure 4.6) shows a significant decrease in the specific surface area 
through each grafting step. The cagelike pore size diameter decrease slightly from 4.7 to 4.4 
nm through the first step and down to 3.9 nm after grafting of the titanium complex. No 











































Figure 4.6 N2 physisorption isotherm and BJH pore size distribution for 2(diamond) 
2c(squares) 2ce(triangles). 
 
4.4.4 Grafting of Mg(bdsa)2 and Ti(NMe2)4 on SBA-1 
Material 2de is obtained by a two step grafting with Mg(bdsa)2 and Ti(NMe2)4 (Scheme 4.6). 
DRIFT spectrum (Figure 4.7) display silanol groups left after the first grafting step and a full 
consumption after the second step. A weak bond from the Si-H stretch in the magnesium 
complex appears at about 2150 cm-1. 
 



























































Scheme 4.6 Proposed hybrid materials after grafting with {Mg(bdsa)2}2 and Ti(NMe2)4. 
 
Physisorption data (Figure 4.8) shows a smaller decrease in the specific surface area for the 
first step compared to the grafting of disilazane. The second grafting step on the other hand 
gives about the same surface area as the two materials (1be and 2ce) treated with disilazane. 
The cagelike pore diameter decreases with only 0.1 nm after grafting the magnesium 
complex. Through the second grafting step this diameter decreases to 4.0 nm. The carbon 
content (3.03 wt%) increases little through the grafting of the magnesium complex, but goes 
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up to 12.84 weight % in total after the grafting of Ti(NMe2)4. The titanium content was found 





















































Figure 4.8 N2 physisorption isotherm and BJH pore size distribution for 2(diamond) 
2d(squares) 2de(triangles). 
 
4.4.5 Grafting of Ti(NMe2)4, Ti(NMe2)3bdsa on SBA-1 and ligand exchange on 
surface 
Material 2e2B is a SBA-1 material grafted with Ti(NMe2)4 which was treated with  
R-H2BINOL to undergo a ligand exchange (Scheme 4.7). Grafting of the titanium complex 
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consumes all silanol groups as seen in the DRIFT spectrum (Figure 4.9), but there is little or 



































































































Scheme 4.7 Proposed hybrid materials after grafting with Ti(NMe2)3(bdsa) and Ti(NMe2)4 
including ligand exchange with H2BINOL. 
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The surface area decreases to a level which has already been seen in 2ce and 2de and the 
cagelike pore size diameter also decrease to a familiar value of 4.0 nm (Figure 4.10). After 
ligand exchange this value only decreases to 3.9 nm. The carbon content of the analogous 
grafter material 2e is 12.44 weight %. Without the elemental analysis of 2e2B there is no 
evidence for the ligand exchange taking place. The reason for this may be that the small 
windows in the material are too small for the H2BINOL to enter. Material 2f2 is a SBA-1 
grafted with a mixed amido/silyl amide titanium complex. The grafting has been done in order 
to bring in a spectroscopic probe (Si-H) into the material as can be seen in the DRIFT 
spectrum. Two broad signals appear at around 2200 to 2100 cm-1.The physisorption data for 
2f2 lies around the same values as for 2e. An analogous material (2f) which did not consume 











Figure 4.9 DRIFT spectra: From bottom to top: SBA-1 2, Ti(NMe2)x@SBA-1 2e2, 
Ti(NMe2)x(BINOL)y@SBA-1 2e2B, Ti(NMe2)x(bdsa)@SBA-1 2f2 
 










































Figure 4.10 N2 physisorption isotherm and BJH pore size distribution for 2(diamond) 
2e2(squares) 2e2B(triangles) and 2f2(+) 
 
4.4.6 Grafting of HN(SiMePh2)2 and Ti(NMe2)4 onto MCM-41 
4ce is made from a MCM-41 material grafted with HN(SiMePh2)2 and Ti(NMe2)4 in two 
steps. (Scheme 4.8) 
 
 
Scheme 4.8 Grafting of HN(SiMePh2)2 and Ti(NMe2)4 onto MCM-41. 
 
The first step gives a large decrease in surface area (Figure 4.12) to 10 % of the parent 
material, while the second step shows a surface area (610 m2g-1) between the parent material 4 
and 4c. The pore diameter (3.3 nm) does not decrease after the first step, but decreases to 2.8 
nm after the second step. This suggest that the diphenylsilyl groups on the surface in some 
way blocks the one dimensional tubes The carbon content (4c: 10.60 wt%; 4ce: 15.84 wt%) 
increases through both steps and the titanium content was found to be 8.2 weight % for 4ce. 
Material 4f (Scheme 4.9) have a titanium content of 8.7 weight % and shows similar surface 
area and pore diameter values to 4ce. The DRIFT spectra (Figure 4.11) of 4c and 4ce are 
similar to the ones already discussed; 4f holds only one distinguished peak around 2150 cm-1 
according to the Si-H bond. 
















Figure 4.11 DRIFT spectra of SiMePh2@MCM-41 4c bottom, Ti(NMe4)x@SiMePh2@MCM-
41 4ce middle, Ti(NMe2)x(bdsa)@MCM-41 4f top. 
 
















































Figure 4.12 N2 physisorption isotherm and BJH pore size distribution for 4(diamond), 
4c(squares), 4ce(triangles), and 4f(+) 
 
 
4.4.7 Grafting of Ti(NMe2)4 onto MCM-41 and ligand exchange on surface 
Ti(NMe2)4 reacted easily with the silanol groups on MCM-41 to give 3e. The hybrid material 
has a surface area (Figure 4.14) about 400 m2g-1 than the parent material. The pore diameter 
decreased to 2.9 nm. The ligand exchange reaction shows a more promising result for the 
MCM-41 material compared to SBA-1 (Scheme 4.10).  
 
 
Scheme 4.10 Ligand exchange at grafted titanium complex at MCM-41 
 
One can see the changes in surface area, pore diameter (2.1 nm) and in the DRIFT spectrum 
(Figure 4.13) where a distinct peak for an aromatic C-H stretch. The carbon content increased 
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from 12.18 wt% (3e) to 29.14 wt% (3eB). As expected the titanium content decreased from 











Figure 4.13 DRIFT spectra of Ti(NMe2)x@MCM-41 3e bottom and 














































Figure 4.14 N2 physisorption isotherm and BJH pore size distribution for 3(diamond), 
3e(squares) and 3eB(triangles). 
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5 Conclusion and perspectives 
 
It has been shown that disilazanes, Mg(bdsa)2, Ti(NMe2)4 and Ti(NMe2)3[N(SiHMe2)2] are 
sensitive to the pore structure when grafted onto periodic mesopourous silica. With the right 
knowledge it is possible to change the surface area and the pore size distribution. 
{Mg[N(SiHMe2)2]2}2 and HN(SiMePh2)2 are to large to enter the SBA-1 through the windows 
and occupy the outer surface area of the material. Ti(NMe2)4 is a small and reactive complex 
to graft inside SBA-1 in order to get a size selective catalyst. Surface modified MCM-41 may 
be a less size selective catalysis material since its pore diameters are equal at the entrance and 
inside the tube. The materials need to be characterized by several techniques in order to be 
more accurate on the surface species. DRIFT spectroscopy is a good way to reveal 
information in hybrid materials in comparison to the Nujul mull technique.  
 
The surface species and proposed size selectivity should be proved by simple organic 
reactions or further surface derivatization. The oxidation of cyclohexene and a larger 
molecule with a double bond may prove whether the active site is mainly inside the pores of 
SBA-1. Another possibility is to see whether bulky alcohols would react in a ligand exchange 
at all the active sites or only partially because of small pore entrances to the cages which 
would leave some active sites inaccessible. 
 
Attempts to get single X-ray crystals of organometalic complexes would be needed in order to 
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6.1 X-ray diffraction pattern 
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Figure 6.1 PXRD of SBA-1 1 
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Figure 6.3 PXRD of MCM-41 3 
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Figure 6.5 PXRD of SBA-2 5 
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6.2 NMR of precursors 
 
Figure 6.8 1H NMR spectrum of Ti(NMe2)4 
 
 





Figure 6.10 1H NMR spectrum of HN(SiHMe2)2 
 
 








6.3 NMR of products 
 









Figure 6.15 1H NMR spectrum of Ti(NMe2)3(bdsa) 
 
 





Figure 6.17 1H NMR spectrum of Ti(NMe2)2(BINOL) 
 
 

































Wavenumber / cm-1 Vibration 
3385 N-H stretch 
2854, 2922, 2897 C-H stretch, aliphatic 
2120 Si-H stretch 






















Wavenumber / cm-1 Vibration 
3370 N-H stretch 
3073 C-H stretch, aromatic 
2957, 2924, 2857 C-H stretch, aliphatic 














Wavenumber / cm-1 Vibration 
3390 N-H stretch 
3058, 3019 C-H stretch, aromatic 
2949 C-H stretch, aliphatic 
1595, 1480 C=C stretch 














Wavenumber / cm-1 Vibration 
2955, 2845, 2765 C-H stretch, aliphatic 












Wavenumber / cm-1 Vibration 
2959, 2805, 2775 C-H stretch, aliphatic 
















Wavenumber / cm-1 Vibration 
2950, 2890 C-H stretch, aliphatic 
ca. 2090-2000 Si-H stretch 














Wavenumber / cm-1 Vibration 
2955, 2855, 2770 C-H stretch, aliphatic 
2090 Si-H stretch 












Wavenumber / cm-1 Vibration 
3050 C-H stretch, aromatic 
2895, 2860, 2765 C-H stretch, aliphatic 
Figure 6.27 DRIFT spectrum of Ti(NMe2)2(BINOL) 
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Wavenumber / cm-1 Vibration 
3695 O-H stretch 
ca. 3000-2850 Nujol 





















Wavenumber / cm-1 Vibration 
ca. 3000-2850 Nujol 
2145 Si-H stretch 

























Wavenumber / cm-1 Vibration 
3675 O-H stretch 
3620 O-H stretch 
3075 C-H stretch aromatic 
ca. 3000-2850 Nujol 

























Wavenumber / cm-1 Vibration 
ca. 3000-2850 Nujol 
























Wavenumber / cm-1 Vibration 
3695 O-H stretch 
ca. 3000-2850 Nujol 















Wavenumber / cm-1 Vibration 
3745 O-H stretch 















Wavenumber / cm-1 Vibration 
2970, 2900 C-H stretch 
2150 Si-H stretch 















Wavenumber / cm-1 Vibration 
3740 O-H stretch 
3620 O-H stretch 
3069, 3050 C-H stretch aromatic 
3000, 2955 C-H stretch aliphatic 















Wavenumber / cm-1 Vibration 
3620 O-H stretch 
3075, 3050 C-H stretch aromatic 
2970, 2860, 2760 C-H stretch aliphatic 















Wavenumber / cm-1 Vibration 
3740 O-H stretch 
2955, 2915, 2845 C-H stretch, aliphatic 
2150 Si-H stretch 















Wavenumber / cm-1 Vibration 
2960, 2870, 2770 C-H stretch, aliphatic 
2145 Si-H stretch 













Wavenumber / cm-1 Vibration 
2955, 2860, 2770 C-H stretch, aliphatic 















Wavenumber / cm-1 Vibration 
2960, 2870, 2770 C-H stretch, aliphatic 













Wavenumber / cm-1 Vibration 
2960, 2870, 2770 C-H stretch, aliphatic 















Wavenumber / cm-1 Vibration 
3740 O-H stretch 
2960, 2870, 2780 C-H stretch, aliphatic 
ca. 2150-2100 Si-H stretch 















Wavenumber / cm-1 Vibration 
2960, 2860, 2770 C-H stretch, aliphatic 
2140, 2080 Si-H stretch 













Wavenumber / cm-1 Vibration 
3290 N-H stretch, residual NH3 
2970, 2855, 2770 C-H stretch, aliphatic 















Wavenumber / cm-1 Vibration 
2960, 2860, 2775 C-H stretch, aliphatic 













Wavenumber / cm-1 Vibration 
2960, 2860, 2775 C-H stretch, aliphatic 















Wavenumber / cm-1 Vibration 
2970, 2900 C-H stretch 
2150 Si-H stretch 















Wavenumber / cm-1 Vibration 
3775 O-H stretch 
3620 O-H stretch 
3075 C-H stretch, aromatic 















Wavenumber / cm-1 Vibration 
3050 C-H stretch, aromatic 
2965, 2860, 2775 C-H stretch, aliphatic 













Wavenumber / cm-1 Vibration 
2960, 2885, 2780 C-H stretch, aliphatic 
ca. 2140-2070 Si-H stretch 















Wavenumber / cm-1 Vibration 
2970, 2900 C-H stretch 
2150 Si-H stretch 
Figure 6.50 DRIFT spectrum of SiHMe2@SBA-1 LP 6a 
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Figure 6.75 Nitrogen physisorption isotherm and BJH pore size distribution of 
Zr(NMe2)x@SBA-1 2g 
